Over the last decade, solid-binding peptides have been increasingly used as molecular building blocks coupling bio-and nanotechnology. Despite considerable research being invested in this field, the effects of many surface-related parameters that define the binding of peptide to solids are still unknown. In the quest to control biological molecules at solid interfaces and, thereby, tailoring the binding characteristics of the peptides, the use of surface charge of the solid surface may probably play an important role, which then can be used as a potential tuning parameter of peptide adsorption. Here, we report quantitative investigation on the viscoelastic properties and binding kinetics of an engineered gold-binding peptide, 3RGBP 1, adsorbed onto the gold surface at different surface charge densities. The experiments were performed in aqueous solutions using an electrochemical dissipative quartz crystal microbalance system. Hydrodynamic mass, hydration state and surface coverage of the adsorbed peptide films were determined as a function of surface charge density of the gold metal substrate. Under each charged condition, binding of 3rGBP 1 displayed quantitative differences in terms of adsorbed peptide amount, surface coverage ratio and hydration state. Based on the intrinsically disordered structure of the peptide, we propose a possible mechanism for binding of the peptide that can be used for tuning surface adsorption in further studies. Controlled alteration of peptide binding on solid surfaces, as shown here, may provide novel methods for surface functionalization used for bioenabled processing and fabrication of future micro-and nanodevices.
INTRODUCTION
Solid-binding peptides have been extensively exploited as molecular building blocks in nanoscale science and engineering in the last decades because of their material selective properties [1 -3] . These short peptides (7-14 amino acids long) are commonly selected using biocombinatorial selection procedures, such as phage display [4, 5] or cell-surface display [6 -8] . Molecular biology and bioinformatics tools can be further applied to improve the solid-binding properties of the identified peptides [9, 10] . Solid-binding peptides differentiate from other polypeptides with their specific molecular recognition properties onto targeted inorganic surfaces [1, [11] [12] [13] . They have high affinity and specificity to their relevant inorganics with kinetic equilibrium constants in the range of 10 6 -10 7 M 21 and negative binding energies in the vicinity of 8-9 kcal mole -1 [14] [15] [16] . Since their discovery, solid-binding peptides have been used successfully in myriad practical applications as synthesizers and growth modifiers in nanoparticle synthesis [17, 18] or biomineralization processes [19, 20] , as molecular linkers and assemblers in targeted organization of functional hybrid nanostructures [11, 21] . Despite to all these accomplishments, the intriguing relationship between solid-binding peptides and their associated solids has not been revealed clearly [22] [23] [24] [25] . Elucidating the molecular recognition mechanisms will enable the control of interactions at the peptide-solid interface leading to the realization of peptide-based novel hybrid molecular technologies [11] . The efforts to elaborate the recognition mechanisms of solid-binding peptides have been focused mainly on structural (peptide conformation or solid surface configuration) [23, 26] or physico-chemical interactions (short-and long-range forces, e.g. coulomb forces, van der Waals forces, dipole-dipole interactions, hydrogen bonding, etc.) [24, 27, 28] . The most important contributing factor in peptide binding to charged or polar solid surfaces is proposed as electrostatic interactions [2, 29, 30] . However, the quantitative contribution of coulomb forces to specific recognition at peptide-solid interface has not yet been fully investigated.
In this study, the effect of metal surface charge on the binding of an engineered gold-binding peptide (GBP) was analysed. GBP motif (MHGKTQATSG-TIQS) had been originally selected by cell-surface display and identified as one of the strongest binders within the other selected GBPs. By engineering this peptide in triple-repeated form (3rGBP 1 ), its binding affinity was further enhanced. The binding and assembly characteristics of 3rGBP 1 have been studied in detail by our and other groups [21, 23, [31] [32] [33] . Here, time-dependent in situ adsorption experiments of 3rGBP 1 were carried out by applying an external electrical field using electrochemical dissipative quartz crystal microbalance (EQCM-Z) system [34, 35] . Charge density of the metal surface was altered by changing the external voltage at the metal-electrolyte interface. The viscoelastic nature of the adsorbed peptide films was followed via impedance monitoring. We first optimized the applied external voltage with respect to charge density at the gold-buffer and peptide-gold interfaces. Then viscoelastic properties and kinetic parameters of 3rGBP 1 films were investigated as a function of gold surface charge. Finally, a charge-dependent binding behaviour model was proposed.
MATERIAL AND METHODS
2.1. Peptide, buffer and solutions 3rGBP 1 was synthesized using an automated solid-phase peptide synthesizer (CS336X, CSBio Inc., Menlo Park, CA). A standard Fmoc solid-phase peptide synthesis technique was employed. The N-or C-termini of the peptide were not blocked during synthesis. After synthesis, the peptide was purified by C-18 reverse-phase liquid chromatography to a level greater than 95 per cent. Peptide solutions were prepared in 10 mM phosphate buffer (3 : 1 K 2 HPO 4 -KH 2 PO 4 , containing 100 mM KCl) under various concentrations (200 nM, 500 nM, 800 nM, 1.2 mM). Maximum peptide concentration was chosen as 1.2 mM to ensure working in the monolayer range [32] . The pH of the buffer was adjusted to pH 7.4. All solutions were prepared using ultrapure water (Merck & Co, Inc., USA).
Quartz crystals
Crystals (KSV Instruments, Norway) coated with a thin polycrystalline gold layer were used. They have a fundamental frequency of 5 MHz, a constant factor of 17.7 ng cm -2 Hz and a geometric area of 0.78 cm 2 gold working surface. Prior to the first use, crystals were rinsed with ultrapure water, dried under a stream of nitrogen and treated in a UV-ozone chamber for 10 min. For removal of organic films after peptide adsorption, crystals were introduced into UV-ozone for 20 min and then exposed into a NH 4 OH (28%): H 2 O 2 (30%): H 2 O (1 : 1 : 5 v/v/v) mixture at 758C for 5 min, and further cleaned in a UV-ozone chamber for 20 min.
Electrochemical quartz crystal microbalance experiments
A QCM-Z instrument (KSV Instruments, Norway) having a specially designed, temperature-controlled electrochemical flow cell module was used. The inner volume of the electrochemical flow cell was approximately 1.5 ml. A peristaltic pump (Ismatec SA, Switzerland) was used to introduce the desired solutions into the cell. The flow rate was kept at 100 ml min -1 for runs. The temperature was kept constant at 258C. First, buffer solution was supplied into the system. After stabilization of the frequency, the desired potential was applied in the interval of [20.4 to 0.4 V] versus normal hydrogen electrode (NHE) to the gold surface. For this purpose, a chronoamperometry technique was employed. Since polarization caused drift in the resonant frequency, frequency stabilization was required for each potential application step. Then 1.5 ml peptide solution with the desired concentration was fed to the system to allow binding. Next, sufficient buffer was introduced into the system to enable desorption of weakly bound peptides.
Changes in frequency and dissipation were recorded simultaneously associated with four overtone frequencies (15, 25, 35 and 45 MHz) . These frequencies correlate with the third, fifth, seventh and ninth harmonics (n ¼ 3, 5, 7, 9). In this report, frequency data from the third up to the ninth harmonics were used in the viscoelastic model. Normalized frequency shifts of the third harmonic were processed in the kinetic model.
For electrochemical measurements, QCM-Z was connected to a potentiostat (Compactstat, Ivium Technologies, The Netherlands). Measurements were conducted using a conventional three-electrode configuration. The gold-coated quartz crystals and a platinum disc were used as the working electrode and the counter electrode, respectively, and they were positioned parallel to each other. A small Dri-ref-2SH electrode (World Precision Instruments, UK) containing KCl gel (3 M KCl saturated Ag/AgCl pellets) served as the reference electrode, with a redox potential of 2225 mV versus NHE at 258C. All potentials reported in this paper were expressed with respect to NHE.
Cyclic voltammetry (CV) was performed to check the electrochemical stability interval of the metal surface in phosphate buffer with a potential scan rate of 50 mV s -1 . To assess the potential of zero charge (PZC) of the gold surface, differential capacitances at the gold -buffer interface were measured with AC impedance technique in buffer electrolytes with decreasing salt concentration [36] . Electrode potential-dependent impedance data (i.e. differential capacitance curve) were obtained by applying a frequency of 60 Hz and amplitude of 3 mV to the electrode, which was polarized, with a scan rate of 10 mV s -1 . Then, PZC was determined from the position of the diffuse layer minimum at the differential capacitance curve of 1 mM KCl containing electrolyte solution. Differential capacitance curves obtained in 100 mM KCl measurements Surface charge on peptide recognition S. Donatan et al. 2689 were used for determining the surface charge densities on gold at different potentials.
RESULTS AND DISCUSSIONS

The relation between applied potential
and surface charge density at gold -buffer -peptide interface
Prior to conducting 3rGBP 1 adsorption experiments, the potential application window free from Faradaic reactions was determined to eliminate any undesired reactions between the gold surface and the buffer electrolyte. CV data were recorded in 100 mM KCl containing phosphate buffer solution having a pH of 7.4 after degassing the electrolyte under vacuum. The region between 2280 and 490 mV shows no evidence of Faradaic processes in figure 1 . The increase in current at potentials higher than 490 and 2280 mV is due to the dissociation of water and hydrogen evolution, respectively (figure 1). Thus, the system is electrochemically stable between 2280 and 490 mV. The gold surface was polarized within this potential interval for preventing adsorption intervening electrochemical events on the gold surface. Throughout 3rGBP 1 adsorption studies, gold surfaces were polarized in positive and negative directions with respect to the open circuit potential (OCP ¼ 73 + 10 mV versus NHE) and frequency shifts obtained from EQCM-Z system were investigated. Maximum frequency shifts were assessed when the gold surface was polarized to 2167 and 233 mV versus NHE in negative and positive directions, respectively. Thereafter, by shifting these potentials 100 mV in both directions; to 2267 and 333 mV, a reduction in frequency gradients was observed when compared with OCP condition. Another experiment was also conducted at PZC of the gold surface that was determined from differential capacitance curve obtained in the buffer solution as 143 + 10 mV versus NHE to define the charging state of the gold surface. Adsorption studies of 3rGBP 1 at PZC showed a decrease in frequency shifts with respect to OCP condition.
Surface charge densities at corresponding applied potentials are presented in table 1 and the calculations for surface charge density are given in the electronic supplementary material. Results in table 1 indicate that the gold surface is negatively charged at OCP (standard binding condition for 3rGBP 1 ). The results reported here demonstrate for the first time that the binding of the peptide at OCP occurs on the negatively charged gold surface. 3rGBP 1 is known to have a high affinity to gold surface at this condition [23] . Thus, high affinity of 3rGBP 1 at OCP could be related to the strong electrostatic attraction between cationic residues of 3rGBP 1 and the negatively charged gold surface.
Viscoelastic properties of adsorbed 3rGBP 1 films at different surface charges
In this part of the study, we monitored the viscoelastic nature of adsorbed peptide films via impedance changes using an EQCM-Z system. Basically, quartz crystal microbalance (QCM) is a very sensitive mass sensor, which detects deposited acoustic mass (hydrodynamic mass in liquid systems) [34] . In this technique, the resonant frequency is shifted depending on the amount of the mass (even in subnanogram ranges) deposited onto the surface of the quartz crystal. A decrease in frequency is related to the accumulated mass according to the well-known Sauerbrey equation [37] . However, the Sauerbrey equation is mostly valid for adsorption of rigid substances (e.g. solids and some gases). In liquids, adsorption of flexible biomolecules causes a shift in the resonance frequency and simultaneously a broadening in the resonant peak. This broadening stems from the energy dissipation (damping) not only between the adsorbed molecules but also among adsorbate and solute (mostly water) interactions [38] . These viscoelastic effects should be measured using dissipation [38] or impedance [39] monitoring and included in the calculations to obtain reliable results in liquids. Frequency and dissipation shifts obtained from EQCM-Z system at several charge densities of the gold surface were fit to a viscoelastic model [39] (see also the electronic supplementary material). Concentrationdependent changes in hydrodynamic mass (peptide associated with water) of adsorbed 3rGBP 1 films under different surface charges are presented in figure 2 .
Results in figure 2 indicate that the adsorbed hydrodynamic peptide mass can be tuned by alteration of the gold surface charge. When compared with OCP (23 mC cm -2 ), an enhancement in adsorbed hydrated peptide amount was observed when the surface charge . Whereas by further increasing the surface charge both in negative and positive directions, i.e. 211 and 13 mC cm -2 , a reduction in adsorbed hydrated peptide amount was obtained.
Charge-dependent adsorption kinetics of 3rGBP 1
Adsorption kinetics of organic molecules can be directly measured by using QCM in situ under flow. To obtain kinetic parameters, resulting frequency shifts under charged conditions were fit to the modified two-step Langmuir adsorption model [32] . The modified model consists of a combination of 1 : 1 Langmuir [40] and two-state conformational change model [41] . Detailed interpretation of the model and the curve-fitting procedure are provided in the electronic supplementary material. Ratios of the concentration-dependent surface coverage of adsorbed hydrodynamic peptide films at different surface charges are shown in figure 3. If 3rGBP 1 was a rigid substrate, maximum peptide coverage should have taken place with the maximum peptide amount adsorbed. However, in our case, the highest adsorbed peptide amount (figure 2) does not correlate with the maximum surface coverage ( figure 3 ). This may be caused by the variation in the water-holding capacity as well as alteration in the conformation of the peptide at different charge densities on the gold surface.
3.3.1. Water-holding capacity of 3rGBP 1 Water may get trapped into the adsorbed 3rGBP 1 films owing to the conformationally flexible nature of the molecules. Since QCM measures the adsorbed molecular films coupled with water [42] , we assumed that adsorbed peptide films incorporate a certain amount of water. Using the dynamic density results acquired from viscoelastic model for each charged surface condition, hydration ratios of the films (figure 4) were estimated for the highest peptide concentration (1.2 mM; see details in the supplementary material). Here, experiments conducted at 211 and 13 mC cm -2 charge densities were excluded, since they caused uncertainty in the viscoelastic model while analysing the dynamic density values.
As indicated in figure 4 , polarization alters the hydration of the adsorbed peptide films. Thus, water coupled to 3rGBP 1 at the interface might have contributed differently to molecular recognition under each charged condition. To understand this phenomenon in detail, covered areas of hydrated and dehydrated peptides were calculated at different surface charges (table 2) by using the data presented in figures 2 -4.
When the surface charge density equals 9 mC cm -2 , more than half of the total covered area (0.351 in 0.666 cm 2 ) is held by the associated water molecules implying an excessive hydration of the peptides under this condition. Whereas the lowest hydration is observed at OCP condition (i.e. 23 mC cm -2 ) since the residual area for coupled water is rather small in this case with regard to the total area covered by peptide and their associated water molecules (0.130 in 0.455 cm 2 ).
Conformational adaptation of 3rGBP 1
Viscoelastic and kinetic results demonstrate that 3rGBP 1 has the ability to adapt itself to each charged Surface charge on peptide recognition S. Donatan et al. 2691
environment on the gold surface whether the excess surface charge is zero, negative or positive. In solutions with pH 7.4, 3rGBP 1 consists of a single negatively charged residue on C-terminus, three positively charged lysine residues and several hydrophobic and partially negatively charged polar side chains [43] . Given the fact that 3rGBP 1 has a flexible open linear conformation [23] , charged or hydrophobic residues may easily be accessible on the peptide surface. Moreover, 3rGBP 1 molecules are reported to be intrinsically disordered [23] , which is a common feature for biomineralization proteins [26, 44] . This behaviour may have enhanced the adaptation ability of 3rGBP 1 molecules at different metal surface charge densities. Unfortunately, it is not possible to detect conformational changes of 3rGBP 1 molecules using EQCM-Z technique. At this point, maximum interaction area of a single 3rGBP 1 molecule on gold may give additional physical insight for binding characteristics of the adsorbed peptides; whether the peptides are oriented in a stretched or condensed structure on the surface. Surely, it does not mean that the all peptide molecules will have the same structure on the surface but this might provide us with an idea of the conformation of the average peptide population adsorbed on the gold surface. For this purpose, the number of adsorbed peptide molecules per covered area was calculated for each charged surface condition. Taking into account corresponding surface coverage of 3rGBP 1 films, the maximum area covered by an individual peptide molecule on the surface was further estimated under different charge densities ( figure 5) .
Previous NMR studies revealed that the dimensions of one 3rGBP 1 molecule are 1 Â 2 Â 4 nm [32] . Based on this finding, we assumed the largest possible interaction area for one 3rGBP 1 molecule on gold surface as approximately 8 nm ) are found to be very close to the largest possible peptide-gold interaction area for one molecule (figure 5). Thus, under these conditions, peptides are most probably oriented on the gold surface by making the largest possible contact with the underlying gold surface. Under the negatively charged gold surfaces, i.e. at 23 and 27 mC cm -2 , peptide-gold interaction area for a single molecule reduces to 6 + 0.5 nm. As a consequence, the conformation of the peptides probably changes by decreasing their contact area with the surface.
Proposed charge-dependent binding behaviour of 3rGBP 1 on gold
Based on the data given in table 2 and figure 5, one possible binding behaviour for 3rGBP 1 was proposed under the analysed charged conditions at equilibrium (figure 6).
When the excess surface charge on gold was zero (i.e. PZC condition), the maximum peptide-gold interaction area obtained correlates with the largest possible interaction area for a single 3rGBP 1 molecule. Therefore, we suggest that 3rGBP 1 molecules most probably oriented on the gold surface using their largest surface area, i.e. in their extended form (figure 6b). Here, the electrostatic interactions between the gold surface and the peptide molecules should be at minimum, and therefore hydrophobic interactions are expected to be thermodynamically more favourable [45] . Thus, peptides may prefer to attach to the gold surface through their hydrophobic residues.
When compared with zero charge conditions, excess positive charge (9 mC cm -2 ) on the gold surface may have increased both the available adsorption sites and also the hydrated state of the peptides but probably not the peptide conformation (figure 6c). According to the results in figure 5 , the observed maximum peptide -gold interaction area under this condition is yet again very close to the largest possible interaction area for one 3rGBP 1 molecule implying possibly a stretched orientation of 3rGBP 1 on the gold surface. While there is electrostatic repulsion between positively polarized gold surface and the positively charged lysine residues along the peptide's backbone, the abundance of repeating partially negatively charged polar residues may have led to repeating local electrostatic attractions between 3rGBP 1 molecules and the gold surface. Peptide recognition occurring via polar residues may have caused an enhanced accumulation of water molecules at peptide -gold interface. The maximum hydration state of the peptides assessed under this condition (figure 4) supports our suggestion.
Excess negative charge (23 mC cm -2 , i.e. OCP condition) caused a reduction in the area of interaction at the peptide-gold interface for a single-peptide molecule (figure 5) when compared with the excess positive and zero net-charged conditions. Peptides are probably decreasing their contact area with the gold surface. Additionally, water-holding capacity diminishes significantly under this condition (table 2) . Here, the electrostatic attraction between the positively charged lysine residues and the negatively charged gold surface may have become dominant, while the polar residues on the peptide's backbone may have become less accessible at the gold-solution interface (figure 6d). Our proposal based on the experimental findings support the previous theoretical modelling studies [23] , which claim that 3rGBP 1 molecules form polypod structures, probably attaching to the surfaces through their positively charged residues. We believe that this is a unique contribution in linking experimental findings to theoretical findings. Based on the results in table 2 and figure 5, increase in excess negative charge (27 mC cm -2 ) led to an increase in the adsorbed amount and water-holding capacity of the peptides but not a significant change in the peptide orientation when compared with OCP condition (figure 6e). Under this condition, we again propose a dense peptide adsorption via lysine residues since the peptide conformation does not change significantly when compared with OCP condition (figure 5). Indeed, to uncover the interactions at the molecular scale, it would be very interesting to conduct molecular modelling studies under charged surface conditions. Under the excess negative and positive charges (greater than +10 mC cm -2 ), adsorbed peptide amounts decreased considerably when compared with OCP condition (figure 2). High positive surface charge density probably cause the conduction electrons to recede into the metal by forming a hard wall of metal ions [46] , which may inhibit the adsorbate-solid surface interactions occurring at the interface. If the metal surface is highly polarized by excess negative charge, solvated cations can be attracted to the surface and accumulated in high amounts within the double layer [47] . This accumulation may also restrict the adsorbate-solid surface interaction. These findings reveal that the density of excess metal surface charge may be used as a key parameter in tuning the adsorption and binding properties of 3rGBP 1 .
CONCLUSIONS
In the literature, there are a number of studies where electrostatic interactions are proposed as the most likely reason for strong binding of solid-binding peptides to their relevant solids [2, 29, 30] . This study is the first experimental attempt in which the effect of metal surface charge was probed for the molecular recognition of a metal-binding peptide. Here, we report quantitative data about the viscoelastic properties and the binding kinetics of a GBP adsorbed onto the gold surface at different surface charge densities.
Results reveal that excess negative charge on the gold surface plays an important role in the binding properties of 3rGBP 1 under non-polarized conditions. On polarized gold surfaces, 3rGBP 1 adapted its adsorption to each charged environment whether the excess surface charge was zero, negative or positive, probably because of its conformational flexibility. Under each charged condition, binding behaviour of 3rGBP 1 demonstrated quantitative differences in terms of adsorbed peptide amount, surface coverage ratio and hydration state.
The distinctive adsorption behaviour of 3rGBP 1 on gold surface provides a way to tune the peptide , respectively. Suggested potential orientation of 3rGBP 1 at related gold surface charges are given in insets. Colours in the molecular structure of the peptide represent corresponding amino acid side chains as red refers to polar and anionic, dark blue refers to cationic and green refers to hydrophobic residues. Light blue represents the water molecules held by peptides.
Surface charge on peptide recognition S. Donatan et al. 2693 binding by varying the metal surface charge. The ability to alter the peptide binding on surfaces in a controllable and predictable way will extend the applicability of peptides as molecular linkers and/or couplers on bioenabled surface functionalization. Our results reveal that the density of induced charge is at least one of the key parameters to tune the binding of self-assembled peptides, unique potential utility in bio-and nanotechnological applications.
